Using in vivo fidelity assays in which bacterial ␤-galactosidase or green fluorescent protein genes served as reporters of mutations, we have identified a murine leukemia virus (MLV) RNase H mutant (Y586F) that exhibited an increase in the retroviral mutation rate Ϸ5-fold in a single replication cycle. DNA-sequencing analysis indicated that the Y586F mutation increased the frequency of substitution mutations 17-fold within 18 nt of adenine-thymine tracts (AAAA, TTTT, or AATT), which are known to induce DNA bending. Sequence alignments indicate that MLV Y586 is equivalent to HIV-1 Y501, a component of the recently described RNase H primer grip domain, which contacts and positions the DNA primer strand near the RNase H active site. The results suggest that wild-type reverse transcriptase (RT) facilitates a specific conformation of the template-primer duplex at the polymerase active site that is important for accuracy of DNA synthesis; when an adeninethymine tract is within 18 nt of the polymerase active site, the Y586F mutant RT cannot facilitate this specific template-primer conformation, leading to an increase in the frequency of substitution mutations. These findings indicate that the RNase H primer grip can affect the template-primer conformation at the polymerase active site and that the MLV Y586 residue and template-primer conformation are important determinants of RT fidelity. R everse transcriptase (RT), which copies retroviral genomic RNA into double-stranded DNA during reverse transcription, contains two major enzymatic activities: a DNA polymerase activity that uses either RNA or DNA as a template and an RNase H activity that can degrade RNA in an RNA⅐DNA hybrid (1). The crystal structure of HIV-1 RT in complex with a template-primer and a dNTP substrate has shown that the polymerase active site and the RNase H cleavage site are separated by 18 nt of the template-primer (2). In the case of murine leukemia virus (MLV) RT, the DNA polymerase and RNase H activities reside in physically separable domains of a single monomeric protein (3).
Using in vivo fidelity assays in which bacterial ␤-galactosidase or green fluorescent protein genes served as reporters of mutations, we have identified a murine leukemia virus (MLV) RNase H mutant (Y586F) that exhibited an increase in the retroviral mutation rate Ϸ5-fold in a single replication cycle. DNA-sequencing analysis indicated that the Y586F mutation increased the frequency of substitution mutations 17-fold within 18 nt of adenine-thymine tracts (AAAA, TTTT, or AATT), which are known to induce DNA bending. Sequence alignments indicate that MLV Y586 is equivalent to HIV-1 Y501, a component of the recently described RNase H primer grip domain, which contacts and positions the DNA primer strand near the RNase H active site. The results suggest that wild-type reverse transcriptase (RT) facilitates a specific conformation of the template-primer duplex at the polymerase active site that is important for accuracy of DNA synthesis; when an adeninethymine tract is within 18 nt of the polymerase active site, the Y586F mutant RT cannot facilitate this specific template-primer conformation, leading to an increase in the frequency of substitution mutations. These findings indicate that the RNase H primer grip can affect the template-primer conformation at the polymerase active site and that the MLV Y586 residue and template-primer conformation are important determinants of RT fidelity. R everse transcriptase (RT), which copies retroviral genomic RNA into double-stranded DNA during reverse transcription, contains two major enzymatic activities: a DNA polymerase activity that uses either RNA or DNA as a template and an RNase H activity that can degrade RNA in an RNA⅐DNA hybrid (1) . The crystal structure of HIV-1 RT in complex with a template-primer and a dNTP substrate has shown that the polymerase active site and the RNase H cleavage site are separated by 18 nt of the template-primer (2) . In the case of murine leukemia virus (MLV) RT, the DNA polymerase and RNase H activities reside in physically separable domains of a single monomeric protein (3) .
The RNase H activity of all retroviral RTs performs several functions that are essential for the viral life cycle (4) , which include degradation of the RNA template after synthesis of the minusstrand DNA, generation of a specific polypurine primer from which plus-strand DNA synthesis initiates, subsequent removal of the polypurine primer to complete synthesis of the viral doublestranded DNA, and removal of the minus-strand tRNA primer (5) . During minus-strand DNA synthesis, RT positions the RNase H active site and cleaves the RNA Ϸ18 nt 3Ј of the site of DNA synthesis (6) .
All retroviral RTs carry out error-prone DNA synthesis, in part because they lack a proofreading activity and possess a low affinity for the template (7) . The low fidelity of retroviral replication is a major force for generation of high levels of variation in retroviral populations (8) , which allows them to adapt quickly to changes in their environment. One important outcome of this high adaptability is the rapid development of resistance to antiretroviral drugs and escape from host immune responses (9) . Mutations that occur in retroviruses during replication include substitutions, frameshifts, deletions, duplications, and hypermutations (10, 11) . These mutations can occur through misincorporation, dislocation mutagenesis, or RT template switching during reverse transcription (8, (12) (13) (14) (15) .
Structural determinants of MLV and HIV-1 RTs that are important for replication fidelity have been studied both in vitro and in vivo (16) (17) (18) (19) (20) (21) (22) . Single amino acid substitutions at the catalytic site YXDD motif, dNTP substrate-binding site, and RNase H domain can increase the in vivo retroviral mutation rate up to 2.8-fold (21, 22) . We previously showed that three substitution mutations in the MLV RNase H domain (S526A, Y598V, and R657S) modestly increased the retroviral mutation rate and decreased RT template switching (22, 23) . In recent studies we found that the Y586F mutation in MLV RNase H also substantially decreased the frequency of RT template switching (W.-H.Z. and V.K.P., unpublished results). In an ongoing effort to identify structural determinants of RT that play an important role in fidelity, we now have determined the effect of the Y586F mutation in the RNase H primer grip domain of MLV RT on the fidelity of retroviral replication.
The RNase H primer grip domain was identified recently as a structural element of HIV-1 RT that is involved in the control of RNase H cleavage specificity (24) . It consists of several amino acids in the RNase H domain, including HIV-1 Y501, that interact with the DNA primer and was proposed to position the DNA primer strand near the RNase H active site and help to determine the trajectory of the template-primer in relation to the RNase H active site. An alignment of MLV, HIV-1, and several other retroviral RNase H domains as well as the Escherichia coli RNase H domain indicates that MLV Y586 is equivalent to the HIV-1 Y501 residue (Fig. 1) . The MLV Y586 and HIV-1 Y501 residues are part of a DSXY motif that is conserved among all RNase H domains except for Rous sarcoma virus, which has phenylalanine (F) at this position (25) . The aspartic residue of the DSXY motif has been shown to be one of the conserved residues that is necessary for MLV and HIV-1 RNase H catalytic activity (25, 26) .
The results of this study show that the Y586F substitution in MLV RT increased the in vivo mutation rate by Ϸ5-fold. A large proportion of the substitution mutations were near adeninethymine tracts (AAAA, TTTT, or AATT sequences), known as A tracts, which are associated with alterations in nucleic acid conformation that include bends and a narrowed minor groove (27) (28) (29) (30) . and pMP1 expresses the green fluorescent protein gene (GFP). Plasmid pLGPS expresses MLV gag-pol (33) . The Y586F substitution mutation in the MLV RNase H domain of pLGPS was generated by use of the QuickChange site-directed mutagenesis kit (Stratagene). Presence of the desired mutation and absence of other mutations were verified by DNA sequencing and restrictionenzyme digestions. Plasmid pSV-hygro expresses the hygromycin phosphotransferase B gene (hygro; ref. 34 ). pSV-A-MLV-env expresses the amphotropic MLV envelope gene (35) .
Cells, Transfections, and Infections. D17 dog osteosarcoma cells and D17-based cell lines A3, ANGIE P, and A3GFP11 were maintained, transfected, and infected as described previously (36) . The ANGIE P cells stably express amphotropic MLV envelope from pSV-A-MLV-env and contain a single GA-1 provirus (22) . The A3GFP11 cells were constructed by infection of A3 cells (an amphotropic MLV envelope-expressing cell line) with MP-1 virus produced from PG13 cells. Southern analysis of A3GFP11 genomic DNA indicated the presence of a single provirus (data not shown). The MLV helper cell line PG13 was maintained and transfected by using a calcium-phosphate precipitation method (37) .
Assays for Determining in Vivo Fidelity. ANGIE P cells were cotransfected with wild-type or Y586F mutant pLGPS and pSVhygro. The resulting hygromycin-resistant colonies were pooled (Ͼ2,000 per experiment), and the GA-1 virus produced was used to infect D17 target cells. Infected D17 cells were selected for resistance to G418 (400 g͞ml) and stained with 5-bromo-4-chloroindolyl-␤-D-galactopyranoside as described previously (22) .
Similarly, A3GFP11 cells were cotransfected with wild-type or Y586F mutant pLGPS and pSV-hygro. Viruses produced from the transfected A3GFP11 cells then were used to infect D17 cells as described above. The frequency of GFP inactivation was obtained by examining individual drug-resistant colonies by fluorescence microscopy (Axiovert inverted fluorescence microscope, Zeiss) to determine the GFP-positive (fluorescent) or -negative (nonfluorescent) phenotype.
Isolation of Single Nonfluorescent Cell Clones by Fluorescence-Activated Cell Sorting (FACS). G418-resistant colonies were pooled from the dishes infected with MP1 viruses and subjected to FACS (Becton Dickinson). The individual nonfluorescent cells, which did not express functional GFP, were separated and sorted into 24-well plates by FACS. The nonfluorescent phenotype of the cell clones was verified by fluorescence microscopy.
Genomic DNA Isolation, PCR, and Sequence Analysis. Single nonfluorescent cells were grown in 24-well plates and expanded into 60-mm-diameter dishes. The cell clones then were harvested and lysed according to manufacturer instructions (QIAamp DNA Blood mini kit, Qiagen, Valencia, CA). GFP fragments were amplified by PCR using primers MP1623F (5Ј-tcactccttctctaggcgccggaattgg) and MP2390R (5Ј-ggaattggccgctcacttgtacagctcg) and Takara ExTaq polymerase (Pavera, Madison, WI). DNA sequencing was performed to identify the mutations present in the inactivated GFP gene (Laboratory of Molecular Technology, Sequencing Core, Science Applications International Corporation, Frederick, MD).
Statistical Analysis. The 2 test was used to determine whether the frequency of substitutions near A tracts was as expected by random distribution for the wild-type or Y586F RTs. The 2 test was used also to determine whether the substitution frequencies for the wild-type and Y586F RTs were significantly different from each other. For each comparison, the P value for statistical significance was set at 0.05. Logistic regression analyses were used to determine the probability of gene inactivation for the wild-type and Y586F RTs and to compare the relative increases in lacZ and GFP gene inactivation.
Results

MLV Y586F RT Increases the in Vivo Retroviral Mutation Rate.
To identify structural determinants in RNase H important for fidelity of reverse transcription, we generated an MLV Y586F RNase H mutant. Substitution of Y586 with phenylalanine in MLV RNase H results in the loss of a hydroxyl group, but the aromatic phenyl ring is preserved. To assess the effect of this change on the RT mutation rate, we compared the in vivo fidelity of the wild-type RT with that of the Y586F mutant by using a previously described assay in which . Both vectors contain cis-acting elements including long terminal repeats (LTRs) and packaging signal (). The trans-acting genes lacZ, GFP, and neo are transcribed from LTR promoters, and an internal ribosomal entry site (IRES) is used to express neo. The pLGPS construct expresses the MLV gag and pol from a truncated viral LTR. (B) Experimental protocols. Wild-type MLV gag-pol construct pLGPS and mutant Y586F were cotransfected separately (Tf) with pSV-hygro into the ANGIE P or A3GFP11 cell line, which stably expresses amphotropic MLV env and an integrated pGA-1 or pMP1, respectively. The GA-1 or MP1 virus was used to infect (Inf) D17 target cells. The infected cell clones resistant to G418 (G418 R ) with a wild-type or mutant phenotype were quantified to determine the gene inactivation frequencies of lacZ and GFP. The G418 R colonies infected by MP1 also were pooled, and individual nonfluorescent cells were isolated by FACS. The inactivated GFP genes from nonfluorescent cell clones were amplified by PCR and analyzed by sequencing to characterize the nature of GFPinactivating mutations. the lacZ gene serves as a mutation reporter (Fig. 2) . Briefly, an MLV-based retroviral vector (pGA-1) encoding lacZ was permitted to undergo one cycle of replication, and the frequency of lacZ inactivation was determined by staining with 5-bromo-4-chloroindolyl-␤-D-galactopyranoside and quantitation of white and blue colonies.
The frequencies of lacZ inactivation obtained from three independent experiments are summarized in Table 1 . The wild-type MLV gag-pol exhibited an average lacZ inactivation frequency of 4.9% in one replication cycle, which agreed closely with previously observed frequencies of 5.2-5.4% (21, 22) . In contrast, the RNase H mutant Y586F exhibited a 26.4% frequency of lacZ inactivation, which was 5.4-fold higher than the wild-type frequency. In previous studies, mutational analysis of MLV RT and HIV-1 revealed mutations that increased the lacZ␣ inactivation frequencies 2.8-and 4.3-fold, respectively (21, 38) . Thus, the 5.4-fold increase in the frequency of lacZ inactivation observed with the Y586F mutant is the largest increase reported to date. We also observed a similar increase in the lacZ inactivation frequency for a spleen necrosis virus RT mutant containing an analogous substitution (data not shown).
Mutations Generated by Wild-Type and Y586F RTs. To characterize the nature of mutations introduced by the wild-type and Y586F RTs, we used vector MP1 (Fig. 2 A) , which expressed GFP as a mutation reporter. Because GFP is significantly smaller than lacZ (717 bp vs. 3.5 kb), it is more amenable to PCR amplification and DNA sequencing. In addition, infected cells containing an inactivated GFP can be easily isolated and cloned by FACS to facilitate their characterization. The A3GFP11 cells, which express the amphotropic MLV envelope and contain a single MP-1 provirus (Fig. 2 A) , were cotransfected with wild-type or the Y586F mutant gag-pol expression construct and pSV-hygro; the virus produced was used to infect D17 target cells. The titer for the Y586F mutant virus was Ϸ27-38-fold lower than wild type (Tables 1 and 2 ), which resulted from a defect in RNase H activity; the Y586F mutant was shown previously to possess only 5% of the wild-type RNase H activity in vitro (39) . GFP inactivation frequency was determined by examining G418-resistant colonies for GFP expression with fluorescence microscopy. When the G418-resistant colonies obtained by using wild-type RT were examined, 29 of 2,748 colonies from three independent experiments did not express GFP, providing a GFP inactivation frequency of 1.05% (Table 2 ). In contrast, 92 of 2,023 G418-resistant colonies obtained by using the Y586F mutant did not express GFP, providing a GFP inactivation frequency of 4.55%. Therefore, the frequency of GFP inactivation was increased 4.3-fold when the Y586F mutation was present in the MLV RNase H domain. The increase in the frequency of GFP inactivation was not statistically different from the 5.4-fold increase in the lacZ inactivation frequency (logistic regression analysis, P ϭ 0.071).
Analysis of GFP-Inactivating Mutations. Southern blotting analysis verified the presence of expected proviral structures in most of the nonfluorescent cell clones (see Fig. 5 , which is published as supporting information on the PNAS web site, www.pnas.org). To determine the nature of mutations introduced into the GFP gene by wild-type or mutant RNase H, the mutated GFP sequences from individual G418-resistant nonfluorescent cell clones were amplified by PCR, and DNA sequencing was performed (Fig. 2B) . To rule out the possibility of disproportionate clonal expansion of some cells containing inactivated GFP genes, clones that were derived from the same infection and possessed the same inactivating mutations were counted only once. Although this conservative approach ensured that a mutation that occurred during reverse transcription was not counted multiple times, it underestimated the contribution of potential mutational hotspots, because the number of mutations at each hotspot was limited by the number of independent experiments. *The mean viral titers Ϯ SEM were determined by serial dilutions and infections followed by counting G418 R colonies. † The number of colonies that displayed a mutant colony phenotype͞total number of colonies that were observed in three independent experiments. ‡ The mutant frequency was calculated as follows: number of mutant colonies Ϭ total number of colonies) ϫ 100. § The relative change in the mutant frequency was calculated as follows: frequency of gene inactivation observed with Y586F Ϭ frequency of gene inactivation observed with wild-type MLV RT. Statistical analysis showed that the Y586F mutant displayed a mutant frequency significantly higher than that for the wild type (logistic regression analyses, P Ͻ 0.001). The results showed that the spectrum of mutations induced by the wild-type or Y586F mutant RTs included substitutions, frameshift mutations, simple deletions, deletions, and insertions (Fig. 3) . A higher proportion of the mutations induced by the Y586F RT were substitutions (42 of 60, or 70%), compared with the mutations induced by wild-type RT (26 of 51, or 51%; Table 3 ). In addition, the proportions of mutations associated with the RT-slippage mechanism (frameshifts) or RT template switching (simple deletions, deletions with insertions, and insertions) were lower for the Y586F RT (13 and 17%, respectively) than for the wild-type RT (20 and 29%, respectively).
The proportions of specific types of mutations among the mutant clones that were characterized by DNA sequencing and the overall mutant frequencies (shown in Table 2 ) were used to determine the frequencies for specific classes of mutations ( Table 3 ). The substitution frequency was 0.54% for wild-type RT and 3.19% for the Y586F mutant RT, indicating a 5.9-fold increase. Similarly, the frequencies for frameshifts and template-switching mutations increased Ϸ2.8-and 2.6-fold, respectively (Table 3) . Overall, the spectrum of the mutations and their relative proportions suggested that the increase in the in vivo mutant frequency was largely but not completely caused by an increase in the frequency of substitutions.
To determine the mechanism by which the Y586F mutation increased the frequency of substitutions, we compared the relative frequencies of different classes of substitutions. The relative proportions of 12 possible substitutions were not significantly different from each other. For example, the proportions of G-to-A substitutions, the most frequent substitution observed, were 15 and 17% for the wild-type RT and Y586F mutant RT, respectively. We also did not observe any differences between the relative proportions of transitions and transversions or the proportions of template nucleotides that were substituted (data not shown). Therefore, the increase in the frequency of substitution mutations was not caused by a disproportionate increase in one or more classes of substitutions.
Substitutions in GFP Induced by the Y586F Mutant RT Are in Regions
Containing A Tracts. We hypothesized that sequences adjacent to the site of substitution played a role in the fidelity of reverse transcription when the Y586F RNase H mutant was used. To test this hypothesis, we analyzed 18 nt of sequence on both sides of the substitution sites, because 18 nt of sequence behind the site of polymerization are bound by RT and may come in contact with the Y586 residue. The analysis revealed that an A-tract sequence was present within 18 nt of a large proportion of the substitutions induced by the Y586F mutant RT but not by the wild-type RT. As shown in Fig. 3 and Table 3 , an A-tract sequence was present within 18 nt of the mutation site for 81% of substitutions (34 of 42) generated by the Y586F mutant RT. In contrast, an A tract was present within 18 nt of 27% of substitutions (7 of 26) generated by the wild-type RT. There were eight A tracts within the 717 nt of the GFP ORF; an A tract was located within 18 nt of 278 of the 717 nt of GFP (shaded nt in Fig. 3 ). We expected 39% of the substitution mutations to be near the A tracts by random distribution (278 Ϭ 717 ϫ 100%), which was in good agreement with the 26% frequency observed for the wild-type RT ( 2 test, P Ͼ 0.05). In contrast, the observation that 81% of the substitutions induced by the Y586F mutant RT were near A tracts was significantly different from the 39% predicted by random distribution and the 26% observed for the wild-type RT ( 2 test, P Ͻ 0.001). The frequency of substitutions near A tracts for the Y586F mutant RT was 2.59%, whereas the frequency of substitutions near the A tracts for the wild-type RT was 0.15% (Table 3) . Therefore, the frequency of substitutions in the vicinity of the A tracts was increased 17.2-fold (2.59 Ϭ 0.15%). In sharp contrast to the substitutions near A tracts, the frequency of other substitutions not associated with A tracts was increased only 1.6-fold. These results clearly indicated that the presence of the Y586F mutation substantially increased the frequency of substitutions near A tracts.
We compared the nucleotide distances between the substitutions induced by wild-type and Y586F mutant RTs and the nearest A tract (Fig. 4 A and B) . No association was apparent between substitutions induced by the wild-type RT and A tracts. Furthermore, substitutions not associated with A tracts were dispersed evenly over a wide range of distances from the A tracts, suggesting that the clustering near A tracts was demarcated sharply at the 18-nt distance from the A tracts. We also analyzed the distribution of substitutions near A tracts in more detail by comparing the frequencies of substitutions for nucleotide positions 0-15 from the A tract (Fig. 4B) . Nucleotides that were 0-1, 8-9, or 14-15 bp from the A tract exhibited higher frequencies of substitution (8, 9 , and 7 substitutions of 34 total, respectively). In contrast, nucleotides that were 4-5 or 12-13 bp from the A tract were least likely to be substituted (1 and 0 substitutions of 34 total, respectively). The analysis indicated that the distance from the A tracts had a significant effect on the substitution frequency.
A comparison of distances from the sites of mutation to the nearest 5Ј A tract and the nearest 3Ј A tract indicated that the distances were similar, suggesting that the frequency of substitutions 5Ј and 3Ј of the A tracts was similar (data not shown). We therefore further analyzed the locations of the mutation sites and their distance from the A tracts (Fig. 4C) . Eighteen of the 34 substitutions were 5Ј of the A tracts, and the remaining 16 were 3Ј of the A tracts. Assuming that the A tracts must be in contact with RT to affect the frequency of substitutions, mutations 5Ј of the A tracts occurred during minus-strand DNA synthesis, and those 3Ј of the A tracts must have occurred during plus-strand DNA synthesis. For mutations that occurred during minus-strand synthesis, the A tracts were in an RNA⅐DNA hybrid; for those that occurred during plus-strand DNA synthesis, the A tracts were in a DNA⅐DNA hybrid. Because the frequency of the substitutions was similar for sequences 5Ј and 3Ј of the A tracts, we concluded that their effect on the substitution frequency was independent of whether they were present in an RNA⅐DNA or a DNA⅐DNA hybrid.
Discussion
The results of these studies indicate that the Y586F mutant of MLV RT is a mutator polymerase that exhibits 5.4-and 4.3-fold increases in the frequencies of lacZ and GFP inactivation, respectively. The decreased fidelity is not simply an indirect effect of reduced RNase H activity of the Y586F mutant, because in previous studies other MLV RNase H mutants with reduced RNase H activity (39) and RT template switching (23) exhibited a less than 1.6-fold increase in the frequency of lacZ inactivation (22) .
The large increases in the in vivo mutation rate induced by the Y586F mutant RT are caused by a 17-fold increase in the frequency of substitution mutations in regions of the template that contain an A tract within 18 nt of the mutation site. Because A-tract sequences themselves are inflexible but associated with bends at the junction with a G͞C base pair and narrowed minor groove (27) , their effect on the overall fidelity is related most likely to their effect on the conformation of the template-primer hybrid. We hypothesize that the conformation of the RNA⅐DNA or DNA⅐DNA hybrids containing A tracts decreases the fidelity of reverse transcription by the Y586F mutant RT but not by the wild-type RT.
The association between substitutions by Y586F mutant and A tracts strongly suggests that the conformation of the templateprimer duplex that is bound to RT plays a significant role in the accuracy of reverse transcription. The interactions of nucleic acids with wild-type RT likely facilitate proper conformation of the template-primer duplex such that correct nucleotides can be selected and incorporated even when sequences that can affect the conformation of the template-primer such as A tracts are encountered. We postulate that the Y586 residue of MLV RT is an important determinant for facilitating proper conformation of the nascent template-primer duplex. The Y586F mutant RT presumably could not induce the appropriate conformation of the template-primer duplex efficiently when A tracts were present in the template, which resulted in an increase in the frequency of substitutions near A tracts.
Crystal structures of HIV-1 RT in complex with DNA⅐DNA and RNA⅐DNA duplexes indicate that the nucleic acid duplexes are in a specific conformation (26, 40) . The first 5 bp near the active site are in an A-form conformation; the next 4 bp undergo a 41°bend associated with a transition from A-form to B-form geometry, and the 9 bp near the RNase H active site are in a B-form conformation. The A-form conformation of template-primer has been identified in the vicinity of several other DNA polymerase active sites and was suggested to contribute to the fidelity of DNA synthesis by attenuating sequence-dependent structural alterations (41) . In contrast, a model of rat DNA polymerase ␤ bound to B-form DNA suggests that a B-form conformation of nascent template-primer near the polymerase active site can result in mutational hotspots (41) . In addition, a recently solved ternary complex structure of Sulfolobus solfataricus P2 DNA polymerase (Dpo4), which exhibits a very low fidelity, revealed that the nascent template-primer DNA is in the B-form (42, 43) . Based on structural and biochemical studies, a common fidelity mechanism involving hydrogen-bonding interactions between the polymerase and the minor groove of the template-primer has been proposed (44, 45 ). An altered conformation of the nascent template-primer can interfere with correct nucleotide incorporation by affecting the geometry of the active site, which interferes with error discrimination by enzymes that scan for correct geometry of the minor groove (45) (46) (47) (48) . It has been shown also that the minor groove of the A-form conformation of nascent primertemplate is wider, allowing easy access to the protein side chains and facilitating the interactions of the polymerase and template-primer at the polymerase active site (24, 49) . Taken together, our results suggest that one important function of wild-type RT is to induce and stabilize a proper conformation of the template-primer duplex such that the accuracy of DNA synthesis can be maintained regardless of sequence-dependent structural differences.
It has been proposed that RNase H primer grip residues make contact with the DNA primer strand and facilitate positioning of the DNA primer strand near the RNase H active site (24) . It was postulated that these interactions with the DNA primer strand affect the positioning of the template-primer at the RNase H active site and affect cleavage specificity. The results of our studies indicate that the Y586 residue, a component of the MLV RNase H primer grip, plays a role in determining the conformation of the nucleic acid at the polymerase active site and affects the fidelity of reverse transcription.
The substitution mutations induced by the Y586F mutant RT occurred at similar frequencies on both sides of the A tracts, suggesting that the effects on fidelity were similar during minus-and plus-strand DNA synthesis. Although the contacts between RT and template RNA are different from the contacts between RT and template DNA, RT has been shown to have similar interactions with the DNA primer strand in both RNA⅐DNA and DNA⅐DNA duplexes (24) . Because the Y586 residue makes contact with the DNA primer strand, it is not surprising that its effects on fidelity of minus-and plus-strand DNA synthesis apparently are similar. The distribution of the substitutions generated by the Y586F mutant near A tracts was strikingly nonrandom, indicating the presence of substitution hotspots at nucleotide positions 0-1, 8-9, and 14-15 bp relative to the A tracts. The A tract-induced structural alterations that cause these substitution hotspots are unknown. Because the substitution hotspots were identified from analysis of eight separate A-tract sequences, the structural alterations that lead to the generation of hotspots are likely to be common to most, if not all, A-tract sequences. Furthermore, two of the substitution hotspots are 8-9 and 14-15 nt from the A tracts, indicating that the structural alterations induced by the A tract can have distal effects. One attractive hypothesis is that the A-tract sequences affect the helical curvature of the template-primer duplex, thus altering the conformation of the nascent base pair at the polymerase active site, which in turn affects the frequency of substitution errors.
In summary, a Y586F mutation in MLV RNase H that alters the ability of RT to contact and position the DNA primer affects viral-replication fidelity. Our findings indicate that the RNase H primer grip and the conformation of the template-primer duplex are two important determinants of the accuracy of reverse transcription.
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